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ABSTRACT
An intracellular, inducible |8-fructofuranoside fructohydrolase 
(E.C. 3,2.1.26) from a sewage pond isolate, Escherichia coli IIS, was 
purified and characterized. The enzyme demonstrated a marked tendency 
to be inactivated on dilution, but this could be overcome by the addition 
of 10-3 M ethylenediaminetetraacetic acid disodium salt or 10-5 M dithio­
threitol to the buffer solutions. Although dithiothreitol seemed to 
stabilize the enzyme, invertase was not inhibited at all by N-ethyl 
maleimide, p-chloromercuribenzoate, iodoacetamide or iodoacetic acid.
The enzyme demonstrated optimum activity at pH 6.8, activity in a 
pH range of 5.5 to 9.0, and an isoelectric point of 5.69. The end pro­
ducts of hydrolysis of sucrose were glucose and fructose. Transglycosyla 
activity was expressed by the enzyme on extended incubation in the 
presence of sucrose.
In crude extracts the enzyme had a molecular weight of 110,000.
In any enzyme preparation which had been treated to some degree to pro­
duce purification, invertase had a molecular weight of 195,000. The 
presence of an aggregation phenomenon was supported by the appearance of 
three peaks in the purified material; peak I (mol wt 56,000), peak II 
(mol wt 108,000), and peak III (mol wt 195,000). Activity was shown to 
be associated with all three peaks. This suggested the presence of a 
protomer- oligomer- aggregate relationship.
Kinetic analysis of E. coli 11S invertase demonstrated a Km of




To date the enzyme y0-fructofuranoside fructohydrolase (E.C. 
3.2.1.26), more commonly referred to a s ructof uranosidase or 
invertase, has been the model system for examination of many bio­
chemical phenomena. Beginning with the ethanol extraction of a 
yeast "active principle" by Berthelot (1860), which produced an 
inversion of optical rotation in sucrose, many of the most funda­
mental studies in enzymology have been performed using invertase.
Myrback (1960) has extensively reviewed the important early 
enzymological work in which invertase was utilized. Sorensen 
(Myrback, 1960) used invertase as a model system in his early ex­
amination of hydrogen ion concentration and the influence of pH on 
the activity of enzymes. The classic studies of Michaelis and 
Menten (Myrback, 1960), which serve as the foundation of enzyme 
kinetics, included the use of yeast invertase to show the dependence 
of enzyme activity on the concentration of substrate. The basic 
tenets of enzyme-substrate interaction were described during the 
course of these studies.
More recently, the work of Gascon and Lampen (1968a, 1968b), 
Neumann and Lampen (1967, 1969), and Lampen (1968), delving into the 
purification, characterization, and functional significance of the 
internal and external invertases of Saccharomyces cerevisiae, has 
led to consideration of the importance of glycoproteins to living 
cells. Yeast invertase, which is a glycoprotein (50% mannan, 3% 
glucosamine), provides an extremely useful model system for the ex­
amination of the localization and role of glycoprotein enzymes,
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particularly in the context of transport of enzyme proteins into the 
external milieu and the possible funtional significance of these enzymes 
as cell wall structural entities. External invertase is a glycoprotein 
enzyme found in association with the external layers of the yeast cell 
wall. This external yeast protein has a molecular weight of 270,000 
and contains a protein portion which has a molecular weight of ap­
proximately 135,000. The internal yeast enzyme has a molecular weight 
of 135,000, contains less than 2% carbohydrate, and is found at some 
point interior to the cytoplasmic membrane. Lampen and his coworkers 
have postulated that the addition of the carbohydrate portion to the 
internal enzyme produces the external yeast invertase and mediates the 
transfer of the enzyme across the cytoplasmic membrane into the ex­
ternal milieu. The fact that the external yeast invertase has a 
functional pH range of 3.0-8.0 whereas the internal enzyme is stable 
from pH 6.0-9.0 suggests that the mannan moiety also serves as a pro­
tector of enzyme activity in the external environment.
Metzenberg (1962) became interested in the invertase of Neurospora 
crassa when he isolated an" apparent single gene mutation which re­
sulted in the derepression of invertase and trehalase. The apparent 
coordinate derepression of two seemingly unrelated enzymes led to 
the use of the Neurospora invertase as a model system for studies into 
genetic control of enzyme synthesis and activity. Metzenberg (1963a, 
1963b, 1964) purified, characterized the physical and chemical nature, 
and determined that the Neurospora crassa enzyme was an intramural 
enzyme associated with the fungal cell wall. He effectively demon­
strated that the purified oligomeric enzyme (10.3 S) could be readily
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dissociated by heat or high salt concentrations at low and high pH 
into active subunits (5.2 S) which could be reassociated by concen­
tration into the oligomeric form.
Sargent (1966) and Sargent and Woodward (1969) have used 
Neurospora crassa invertase as a system for the examination of gene- 
enzyme relationships, They detected an invertaseless mutant which 
produced immunologically cross reacting material to parental invertase. 
The physical and chemical comparisons of the parental invertase with 
the mutant CRM and the determination of genetic loci, intragenic loca­
tion and type of mutation, and controls should add to the body of 
knowledge concerning gene-enzyme relationships.
The isolation of a sucrose utilizing organism which has most of 
the morphological and biochemical characteristics of Escherichia coli 
indicated that this might provide a good model system for examination 
of protein structure, protein function, and gene-enzyme relationships.
E. coli grows readily on mineral salts media with an added carbon 
source and mutations can be easily induced, selected for, and charac­
terized. The relative ease with which large quantities of bacterial 
enzymes can be produced and the potential availability of mutants 
made the sucrose utilizing E. coli an interesting model system. Ac­
cording to Bergey's Manual of Determinative Bacteriology (1957), 12. 
coli does not typically utilize sucrose. There are some subspecies 
which do have this ability, particularly Escherichia coli var. 
communior.
This dissertation will deal with the purification and character­
ization of the invertase produced by a strain of Escherichia coli
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isolated from a sewage pond. The physical and chemical properties 
of E. coli 11S, yeast, and N. crassa invertases are compared.
REVIEW OF LITERATURE
I. INTRODUCTION
An invertase is an enzyme which produces a hydrolytic cleavage of 
the glycosidic linkage in sucrose resulting in the release of glucose 
and fructose. This hydrolytic cleavage results in an inversion of op­
tical rotation as measured by polarimetery. Sucrose contains two 
characteristic glycosidic linkages, an Of-glucosidic linkage and a fi- 
fructosidic linkage, therefore, there are two basic classes of inver­
tases (Hudson and Sherwood, 1920), The OC-glucosidases were character­
ized by these authors as those invertases which had the ability to 
hydrolyze sucrose and melizitose, but not raffinose. The /^fructo- 
furanosidases, on the other hand, hydrolyze sucrose and raffinose, 
but not melizitose. The substance of this literature survey will deal 
with the /3-fructofuranoside fructohydrolases (E.C. 3.2.1.26) and to 
this end, the term invertase will be used to describe this specific 
enzyme activity.
A great deal of basic enzymological research has been performed 
using invertase as a model system. Most of the work has been done 
using the yeast Saccharomyces cerevisiae and the fungus Neurospora 
crassa. This work has been extensively reviewed by Myrback (1960), 
Colvin (1969), Meachum (1970), and Christian (1971). In order to 
minimize redundancy, this review will consider the invertases from 
both of these organisms as fungal invertases. Their properties will 
be discussed only in terms of those facts which are necessary to give 





Berthelot (1860) demonstrated that yeast grown in the presence 
of sucrose could be extracted with ethanol to give an "unorganized 
ferment" which mediated the conversion of sucrose to glucose and 
fructose. Euler and Cramer (1914) demonstrated that induction of 
yeast invertase may be produced by compounds other than sucrose.
They obtained a 20% increase in the levels of invertase produced by 
using mannose as the carbon source in the growth medium.
Metzenberg (1962), working with invertase of Neurospora crassa, 
has compared the relative importance of a number of mono-, di-, and 
trisaccharides as inducers of invertase activity. The following is 
a list of these carbohydrates going from the best inducer to the 
poorest inducer. Galactose was the best inducer of invertase activity 
followed by raffinose, xylose, trehalose, fructose, maltose, sucrose, 
glucose and, finally, mannose which was the poorest inducing agent.
It can be readily seen that sucrose is a poor inducer, although it 
proved to be the best substrate for enzyme activity. Metzenberg of­
fered a simple, but logical explanation. The sucrose is degraded 
extremely rapidly by the enzyme which is being synthesized. The re­
sult is the build up of a large excess of glucose which the cell can­
not use rapidly enough. This produces catabolite repression of 
invertase synthesis and sucrose utilization. Raffinose, which con­
tains a sucrose moiety is, on the other hand, an excellent inducer. 
When the production of invertase is induced by the presence of raf­
finose, the enzyme hydrolyzes the raffinose giving off fructose and
7
melibiose. Melibiose is not taken into the cell or used as a sub­
strate. The result is a lack of free glucose which may cause catabo­
lite repression. The result is a much higher level of induction of 
invertase in the presence of raffinose.'
In support of Metzenberg's findings, Reese, Lola, and Parrish 
(1969) have found that sucrose monopalmitate serves as an excellent 
inducer of invertase activity in a number of yeast and fungi. Use of 
sucrose monopalmitate as a carbon source resulted in a 290 fold increase 
in the amount of invertase produced over the amount produced by sucrose 
under the same conditions of growth and incubation. Apparently, a rate 
limiting esterase is induced and allows the release of a low but steady 
amount of sucrose to the cells synthetic mechanisms. The low but con­
stant supply of sucrose minimizes catabolite repression of invertase 
synthesis and results in maximal levels of synthesis of the enzyme.
Purves and Hudson (1934), Belval and Legrand (1949), and Gottschalk 
(1950) have demonstrated that invertase hydrolyzes any ̂ (9-fructofurano- 
sidic linkage in which the /3-fructofuranoside is unsubstituted. Any 
terminal, unsubstituted, ructofuranoside such as sucrose, raffinose, 
If-methylfructofuranose, or inulih may serve as a substrate. Purves and 
Hudson concluded that, in general, the ease of hydrolysis decreased as 
the size of the "afructon" moiety increased. The exception to this 
general rule was Y-methylfructofuranoside which, although it contained 
a smaller afructon, was hydrolyzed with more difficulty than sucrose or 
raffinose„
Gottschalk (1950) suggested that the formation of enzyme-substrate 
complexes with invertase is mediated by the unsubstituted hydroxyl
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groups on the fructofuranosyl residues interacting by hydrogen 
bonding with suitably situated hydrophilic groups in the invertase 
active site. This would explain the requirement for an unsubstituted 
fructofuranoside. The higher invertase activity expressed using su­
crose as a substrate indicated that the afructon moiety also played a 
critical role in enzyme-substrate interactions.
Koshland and Stein (1954) and Koshland (1959) have demonstrated 
that the hydrolysis catalyzed by invertase removes the fructofurano- 
side by cleaving the linkage between the glycosidic oxygen and the num­
ber 2 carbon of the fructofuranoside. This was demonstrated by enzyma­
tic hydrolysis in the presence of O1® labeled water. The enzyme 
catalyzed cleavage always resulted in production of a fructose molecule 
containing 0-1-®.
Bacon and Edelman (1950) and Blanchard and Albon (1950) simulta­
neously reported a complication in the analysis of invertase activity. 
On extended hydrolysis of sucrose by invertase, they were able to 
demonstrate the presence of several oligosaccharides in the reaction 
mixture using paper chromatography. The results of this transferase 
or transglycosylation activity increased with time to a maximum of 
approximately 10% of the total available carbohydrate and then event­
ually fell back to 0%. Based on examination of invertases from 
several yeast, Bealing and Bacon (1953) suggested tha-t all sucrases 
are |S-fructosyl transferases. The action of yeast invertase always 
seemed to produce glucose, fructose and several slower moving oligo­
saccharides of higher fructose content.
Edelman (1956) was able to demonstrate transferase activity even
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with the purest samples of invertase available. He was not able to 
separate the two activities regardless of the degree of enzyme purity. 
Andersen (1967), using purified yeast invertase and fructose as the 
only carbohydrate source, was able to chromatographically isolate 
levanbiose, inulobiose and several other unidentified fructosyl oligo­
saccharides. Glucose did not give rise to transglycosylation. 
Trevithick (1965), using Neurospora crassa invertase and Gascon, 
Neumann, and Lampen (1968), using Saccharomyces cerevisiae invertase, 
were unable to demonstrate transferase activity with glucose and little 
(if any) with fructose as the substrate. The transferase activity 
which was expressed by purified yeast invertase never resulted in the 
production of sucrose from exogenously added glucose and fructose.
The typical picture seems to be that y8-fructofuranosidases have the 
ability to transfer fructose molecules to fructose, sucrose, oligosac­
charides, and primary alcohols, but not to glucose.
The purification, characterization, and examination of yeast 
invertase activity has always been complicated by the presence of 
large amounts of polysaccharide in association with the invertase 
protein. Many purification procedures have been undertaken with the 
specific goal of removal of all contaminating carbohydrate (Myrback, 
1960). Matthews and Glenn (1911) partially purified the enzyme.
Their preparation contained 70-76% carbohydrate which they identi­
fied as being largely mannose. Sumner and O'Kane (1948) obtained a 
3000-fold purification from a yeast autolysate but found that their 
material still contained high concentrations of mannose. Harsh 
physical and chemical treatment of the enzyme did not result in
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separation of the protein and carbohydrate portions. As a result of 
this work the authors concluded that yeast invertase was glycoprotein 
in nature.
Greiling (1969) used the /S-elimination of water from the serine 
and threonine moieties of invertase in the presence of 0.5 N NaOH to 
support his contention that the mannan moieties were covalently bound 
to these amino acids by 0-glycosidie ether linkages. Neumann and 
Lampen (1969) were unable to demonstrate ̂ -elimination from the in­
vertase to another yeast. They found evidence for the linkage of the 
mannan to the protein by an asparagine to N-acetylglucosamine glyco­
sidic bond. They found the reducing ends of the mannan apparently 
covered by N-acetylglucosamine which was bonded to aspartic acid or 
asparagine in the enzyme protein.
Although Metzenberg (1963b) indicated that the protein of the 
Neurospora enzyme contained no hexose and only 2.4% hexosamine,
Meachum, Colvin, and Braymer (1971) have been able to show that the 
enzyme contains 11% mannose, 3% glucosamine, some galactose and fucose. 
The Neurospora invertase, therefore, is a glycoprotein containing only 
l/5th of the amount of carbohydrate found in yeast invertase.
Willslater and Racke (1922) provided evidence that yeast in­
vertase is inside the cell and is released by autolysis. Thorsell 
and Myrback (1951) indicated that yeast invertase is slowly released 
as result of cell autolysis caused by a yeast proteinase. The addition 
of papain results in accelerated autolysis. The enzyme released by 
autolysis is generally insoluble. The authors suggested that this 
might indicate that the enzyme is bound to the yeast cell membrane or
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enclosed in the cell wall material. Myrback and Willstaedt (1955) 
demonstrated that treatment of whole cells with weak acid (0.1 N HC1) 
resulted in destruction of all invertase activity with no loss of cell 
viability. Their conclusion was that the enzyme is outside the cell 
membrane bound to some insoluble wall protein from which invertase can 
be released by papain. Dworschack and Wickersham (1961) examined 68 
species of yeast (8 genera) and demonstrated that all contained some 
extracellular invertase. Although it is likely that the extracellular 
invertase in most cases is that released by autolysis, it was apparent 
that some of these species of yeast actively produced and secreted a 
soluble, extracellular invertase.
Sutton and Lampen (1962) found yeast invertase to be localized 
in the cell wall. Purified cell wall contained 75% of the whole cell 
invertase activity, whereas protoplasts had little or no invertase 
activity, However, 10-30% of the cell's invertase was found to be 
intracellular and not accessible to external substrate. The internal 
invertase was not associated with the cytoplasmic membrane.
Eberhart (1961) demonstrated that invertase could be obtained 
from Neurospora crassa by washing conidia in distilled water. Care­
ful and more accurate studies by Metzenberg (1963a) proved that 
Neurospora invertase is associated with the cell wall. The purified 
enzyme and invertase in whole conidia had the same pH range (3.0-8.0), 
pH optimum (5.4), and (6.1 mM). The sucrose-hydrolyzed to the raf- 
finose-hydrolyzed ratio was 4.5 for the conidial enzyme and 4.55 for 
the purified enzyme. This demonstrated that the conidial enzyme was 
external to the permeability membrane, since transport of raffinose
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across a permeability barrier would be slower than that of sucrose, 
a smaller molecule. Treatment of conidia with mild acid (0.2 N HC1) 
completely inactivated invertase without harming conidial viability 
or intracellular enzymes such as alkaline phosphatase. The conclusion 
of these and other experiments was that Neurospora invertase is an in­
tramural enzyme.
Marzluf and Metzenberg (1967) demonstrated that sucrose cannot be 
taken into the cytoplasm of Neurospora. Examination of the functional 
significance of the intramural location of invertase was not conclusive, 
however, the inability of the cell to take up sucrose necessitated an 
external location for the enzyme. Once the sucrose is hydrolyzed by 
invertase the two products, glucose and fructose, are readily taken up 
although fructose uptake is repressed until only minimal amounts of 
glucose remain in the external environment.
Many techniques have been used in attempted purifications of 
yeast invertase. For example, Sastri and Norris (1928) used aluminum 
hydroxide adsorption. Adams and Hudson (1938) tried adsorption to 
bentonite, a colloidal clay. Fischer and Kohtes (1951) used electro­
phoresis to purify the enzyme. It is of interest to point out that 
they detected two active forms of invertase which were electrophor- 
etically separable from a yeast autolysate. Gascon and Ottolenghi 
(1967) also demonstrated the presence of two isozymes of yeast inver­
tase. The smaller form was found internally, whereas the larger form 
was associated with the cell wall.
Neumann and Lampen (1967) used ethanol extraction, sulfoethyl 
sephadex, and DEAE sephadex chromatography to produce a 113-fold
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purification of external yeast invertase. The glycoprotein enzyme 
thus isolated contained 50% mannan and 3% glucosamine. External yeast
■3 .invertase has an Sgg w of 10.4 and a molecular weight of 270,000 I
11,000. Since this is approximately 50% carbohydrate, the protein 
portion must have a molecular weight of 135,000. In the analytical 
ultracentrifuge two bands, one very minor, were detected. Both were 
shown to contain activity in glycerol density gradients. Berggen (1967) 
purified the same enzyme using sephadex G-100 and G-200. The character­
istics of the pure preparation coincided with those described by 
Neumann and Lampen.
Gascon and Lampen (1968) purified the internal (cytoplasmic) in­
vertase of Saccharomyces cerevisiae. It had an S20 w of 8-8 and a 
molecular weight of 130-140,000. This enzyme contained less than 3% 
carbohydrate. The authors postulated that the internal enzyme was a 
biosynthetic intermediate which eventually gave rise to the external 
enzyme. According to Gascon, Neumann and Lampen (1968), many of the 
physical, chemical, and biological properties of the two enzymes are 
the same. The major differences are in solubility in 70% ammonium 
sulfate, pH stability, amino acid composition, carbohydrate content 
and cellular location. The external invertase is insoluble in 70%
l
ammonium sulfate and contains 5 cysteine and 38 glucosamine residues 
per mole. The internal enzyme, in marked contrast, is soluble in 70% 
ammonium sulfate and contains no cysteine or glucosamine. The in­
ternal is stable at pH 6.0-9.0, whereas the external enzyme is stable 
at pH 3.0-8.0. Differences in pH stability and solubility can be 
attributed to differences in carbohydrate content. The authors
14
suggest that the amino acid compositional differences indicate that the 
two enzymes represent aggregates of different subunits, one of these 
being identical and active in each of the two enzymes.
Metzenberg (1963b) purified invertase from a mutant of Neurospora 
crassa. Induction and specificity of the enzyme agreed well with 
those properties discussed earlier in this review of literature. The 
purified enzyme contained no mannose and only 2.4% glucosamine and 
was apparently not a glycoprotein. The enzyme had a pH optimum of 5.4 
and a pH range of 3.0-9.0. The Neurospora invertase had a much lower 
Km (6.1 mM), and energy of activation (10.8 Kcal.) on sucrose than 
that demonstrated by yeast invertase. Only one activity peak could be 
found on polyacrylamide gel electrophoresis and in density gradients.
Eilers, et al. (1964), working with crude extracts, demonstrated 
the presence of two enzyme activity bands on disc gels. Metzenberg 
(1964) demonstrated that two bands of activity did exist in crude ex­
tracts, a heavy band (10.3 S) and a light band (5.2 S) of invertase 
activity. He demonstrated quite conclusively that the 5.2 S band is a 
result of dissociation of the 10.3 S band into active subunits or 
protomers. The dissociation could be caused by heat and high salt 
concentrations at high and low pH values. The dissociation was also 
shown to be completely reversible. Metzenberg suggested that the
5.2 S subunit was synthesized, excreted and then combined to give the 
active 10.3 S enzyme found in the cell wall. However, Trevithick 
and Metzenberg (1964) used protoplasts of Neurospora crassa to prove 
that the enzyme subunit aggregation occurs in the cytoplasm prior to 
excretion.
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In contrast to earlier work done by Metzenberg; the work of 
Meachum, Colvin and Braymer (1971) indicated that the Neurospora in­
vertase contains 11% mannose, 3% glucosamine, some galactose and 
fucose. The heavy enzyme was demonstrated to have a molecular weight 
of 210,000 ± 15,600 and the light subunit had a molecular weight of 
51,500, This supported earlier reports that a four subunit or pro- 
tomer structure comprised the active enzyme.
III. BACTERIAL INVERTASE
Examination of the biochemical characterization of most bacteria 
listed in Bergey's Manual (1957) will show that most bacteria are 
capable of using sucrose as a carbon source. No consideration is given 
to the enzyme or enzymes which produce this utilization of sucrose.
Most of the early work dealt with sucrose utilization in terms of one 
more biochemical characteristic which might be used in a taxonomic 
arrangement of bacteria. For instance, Durham (1900) examined the 
morphological and biochemical characteristics of many pathogens and 
non-pathogens. Of interest to this review is the fact that he found 
a few cultures of Bacterium coli communis (E. coli) which had the 
ability to utilize sucrose. Although this was the only difference 
he could demonstrate, a new species was designated, Bacterium coli 
communior.
Avery and Cullen (1920) made the first attempts at obtaining 
enzyme extracts from bacteria and characterizing the enzyme respon­
sible for hydrolyzing sucrose. Pneumococcus type II cell-free ex­
tracts were obtained and found to contain an intracellular invertase. 
This protein was found to be active in a pH range of 5.0-8.0 with a
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pH optimum of 7.0. Stevens and West (1922), in the process of exam­
ining the enzymatic capability of pathogenic streptococci, found that 
these organisms also produced an intracellular invertase. The strepto­
coccal enzyme had the same pH optimum and range shown by the pneumo­
coccal enzyme.
Hotchkiss (1935) examined the specificity of hexosidases found 
in strains of Escherichia coli. She separated those organisms known 
as E. coli into two different species on the basis of their ability to 
utilize sucrose. The first, E_. coli, could not utilize sucrose. The 
second, Escherichia communior, in the presence of sucrose, produced an 
adaptive invertase which had a pH optimum of 7.0. She was unable to 
determine whether the inversion activity was due to an QC-glucosidase 
or a /S-fruc.tofuranosidase. Virtanen and de Ley (1948) and de Ley 
(1949) utilized the invertase of E. coli as a test system for examin­
ation of the effect of variation of nitrogen concentration on the rate 
and amount of synthesis of adaptive enzymes. Hoeckner (1949) examined 
the invertases of several strains of sucrolytic E. coli in an attempt 
at characterization. Using the criteria of Hudson and Sherwood (1920), 
Hoeckner found 4 strains of E. coli communior which hydrolyzed sucrose 
and melizitose, but not raffinose (c<rglucosidase). He found two strains 
which cleaved sucrose and raffinose, but not melizitose (^J-fructofurano- 
sidase). These results indicated that both types of invertases could be 
found in strains of E, coli.
Aschner, Avineri-Shapiro and Hestrin (1942) isolated a strain of 
Bacillus subtilis and one of Aerobacter which degraded sucrose and pro­
duced a high molecular weight levan. Stacey (1942) isolated a
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Leuconostoc mesenteroides which cleaved sucrose and produced a dex- 
tran polymer. Based on the work of these authors, four classes of 




4. Invertase (/3-f ructof uranosidases)
Stacey (1942) isolated an extracellular dextransucrase from 
cultures of L. mesenteroides. The enzyme could be readily isolated 
from cell-free filtrates. Baily and Bourne (1961) examined the extra­
cellular dextransucrases from Leuconostoc and Streptococcus bovis. The 
Leuconostoc enzyme had a pH range of 5.0-7.0 and a pH optimum of 5.0- 
5.5. The streptococcal enzyme had a pH range of 6.0-7.0 and an optimum 
at pH 6.5. It is interesting to note that both organisms also produced 
low levels of an intracellular fi-iructofuranosidase.
Hestrin and Avineri-Shapiro (1943) found that levansucrase pro­
duction in Aerobacter levanicum could be induced by sucrose and raf- 
finose, but not glucose, inulin or Jf-methylfructoside. Glucose had the 
ability to produce total repression of synthesis of levansucrase. 
Levansucrase demonstrated a pH optimum of 5.5 and a Km of 40 mM. The 
authors discovered that intact cells of Aerobacter could utilize levan, 
whereas the cell-free levansucrase which they isolated could not hydro­
lyze levan. The conclusion drawn was that, although cells containing 
levansucrase could also utilize levan, the enzyme responsible for levan 
utilization was not levansucrase. Hestrin (1953) later isolated an 
enzyme from A. levanicum, levan polyase, which had the ability to hydro­
lyze levan.
Hestrin, Avineri-Shapiro, and Aschner (1943) demonstrated the
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presence of levansucrase activity in Bacillus subtilis, Bacillus 
polymyxa, and Aerobacter levanicum. The enzyme found in all three or­
ganisms was adaptive; however, the levansucrases from the Bacillus 
species were extracellular while the aerobacter enzyme was intracellular.
Hestrin and Avineri-Shapiro (1944) compared the levansucrase of A_. 
levanicum with yeast invertase. Several differences could be shown. 
First, yeast invertase did not give rise to levan biosynthesis. Second, 
yeast invertase could hydrolyze lf-methylfructoside and inulin while 
levansucrase could not. Finally, induction and repression of the two 
enzymes were different. Levansucrase biosynthesis could be induced by 
sucrose and raffinose. Synthesis was repressed by the presence of most 
other carbohydrates (not by fructose or mannose). Yeast invertase 
synthesis was repressed by fructose, glucose, mannose and galactose in 
experiments performed by Hestrin. In contrast to yeast invertase, 
Aerobacter levansucrase was severely repressed by the presence of most 
disaccharides.
The only bacterial invertase or ^3-fructofuranosidase examined in 
any detail was detected by Negoro and Fukumoto (1953, 1954a, 1954b,
1955) in Bacillus subtilis var. saccharolyticus A2. This organism pro­
duced an inducible invertase in the presence of sucrose, raffinose, or 
Y-methylfructoside. Maximal production of enzyme was evidenced at pH
7.0, 40-45°C, and in 2% sucrose. A pH activity range of 5.0-8.0 was 
detected. The organism demonstrated an absolute requirement for 0.2 M 
phosphate ion during the early stages of enzyme induction. However, 
once induction of activity was initiated, the phosphate ion was no 
longer required. The authors found that the addition of boiled yeast
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juice to the B. subtilis A2 growth medium resulted in the synthesis of 
a yeast-like invertase. The yeast-like invertase had a pH optimum of 
4.5 and contained high concentrations of carbohydrate. The effective 
substance from boiled yeast juice was found to be precipitated by
ethanol and gave rise to reducing sugars on acid hydrolysis. The A2-
type and yeast-type Bacillus invertases differ in pH optima and carbo­
hydrate content. The A2-type is inhibited by arsenate ions while the 
yeast-type is inhibited by cyanide ions. Negoro (1955a, 1955b, 1956, 
1957a) found that 10% sucrose gave maximum induction. Raffinose and 
stachyose also induced the A2 invertase but only at 1/3 and 1/6, re­
spectively, of the levels induced by sucrose. In all experiments a 
three-hour lag was detected between addition of substrate and appearance 
of enzyme. Secretion of the extracellular A2-type invertase was corre­
lated with the amount of cellular polysaccharides. Cellular polysac­
charide levels were seen to decrease as the enzyme was excreted. The 
author determined that only physiologically young cells could produce 
the yeast-type invertase and that synthesis of the yeast-type could be 
repressed by the addition of xylose.
Negoro (1957b, 1957c, 1957d) and Negoro and Fukumoto (1957) puri­
fied and crystallized invertase by using tannic acid precipitation and 
adsorption to 1% benzalkonium chloride. The purified enzyme gave one 
peak, which coincided with the activity on electrophoresis. The purified 
material was found to contain a carbohydrate portion composed of xylose 
and galacturonic acid. The enzyme was highly susceptible to inhibition 
by the carbonyl reagents phenylhydrazine, hydroxylamine and by borate 
ions. The addition of yeast carbohydrate which gave rise to the
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yeast-type enzyme reversed these inhibitions. The A2-type enzyme was 
shown to have a pi of 6.0.
Joyeuz and Dedondu (1962) prepared antibody against the B. subtilis 
A2 invertase. The yeast-type and A2-type enzyme showed cross reacting 
material. Sucrose did not inhibit formation of the antigen-antibody 
complex and the complex was still active when assayed. This indicated 
that the active site and site of antigenic specificity were at separate 
locations on the enzyme.
MATERIALS AND METHODS
I. REAGENTS
All inorganic chemicals employed in the course of this work were 
analytical reagent grade. Organic chemicals used were as follows: 
melezitose (Pfanstahl Laboratories, Waukegan, 111.); cellobiose (Difco 
Laboratories, Detroit, Mich.); special enzyme grade sucrose (Schwarz/
Mann, Orangeberg, N.Y.); USP glycerol (E. H. Sargent & Co.); dithio- 
threitol (Calbiochem, Los Angeles, Cal.); glucostat reagent (Worthington 
Biochemicals, Freehold, N.J.); DEAE Selectacel ion exchange cellulose 
(Schleicher and Schuell Co., Keene, N.H.); ampholyte solutions (LKB- 
Produkter AB, Bromma, Sweden); sucrose monopalmitate (Colonial Sugar 
Co., Grammercy, La.); amido black 10B (K & K Laboratories, Inc.,
Plainview, N.Y.); glucose, fructose, and riboflavin (General Biochemicals, 
Inc., Chagrin Falls, 0.); mannose, raffinose, bovine serum albumin 
(fraction IV), mercaptoethanol, tris(hydroxymethyl)aminomethane, phena- 
zine methosulfate, nitro blue tetrazolium, beef blood hemoglobin and 
bovine liver catalase (Sigma Chemical Co., St. Louis, Mo.); maltose, 
acrylamide, N, N'-methylene bis-acrylamide, N,N,N',N 1-tetramethylethylene 
diamine, ethylenediamine tetraacetic acid, cetyltrimethyl ammonium 
bromide, and iodoacetic acid (Eastman Organic Chemicals, Rochester, N.Y.); 
iodoacetamide and N-ethyl maleimide (Pierce Chemical Co., Rockford, 111.); 
inulin and p-chloromercuribenzoate (Nutritional Biochemicals Corp., 




II. MICROORGANISM AND MAINTENANCE
An organism isolated from a sewage oxidation pond, characterized 
by standard morphological and biochemical procedures, and designated as 
Escherichia coli 11S was utilized in the course of this work. The or­
ganism was obtained from Dr. A. R. Colmer and Mr. L. Cabes (Department 
of Microbiology, Louisiana State University). It differed from typical 
E. coli by only one detectable biochemical characteristic. E. coli 11S 
had the ability to produce a /3-fructofuranoside fructohydrolase (E.C.
3.2.1.26) which, of course, gives rise to utilization of sucrose, a 
capability not generally associated with E_. coli.
E. coli 11S was maintained on nutrient agar slants at refrigerator 
temperatures. Transfers were made every 4 to 6 weeks to maintain cul­
ture viability. Prior to growth of cells for use in various experi­
ments and purification procedures, an inoculum was prepared by transfer­
ring a loopful of E. coli 11S into 50 ml of salts solution A containing 
0.5% sucrose as a carbon source. The culture was incubated at 37°C for 
24 hr and used as the inoculum for working cultures.
III. GROWTH METHODS
Escherichia coli 11S was grown up for use in characterization and 
purification procedures using one of three techniques. In all three 
methods the Cold Spring Harbor mineral salts solution A was used. The 
salts solution A concentrate (10X) contained the following constituents:














Small quantities of cells were grown up in 50 ml of medium A con­
taining 0.5% sucrose. These cells were grown in a 250 ml Erlenmeyer 
flask, at 37° C, with constant shaking on a gyrorotary shaker. After 
24 hr of incubation, the cells were harvested by centrifugation at
10,000 x g for 20 min in a Servall RC-2B. The cells were washed twice 
in 0.05 M potassium phosphate, 10"^ M EDTA, 10~5 M dithiothreitol, pH
6.8 buffer and resuspended in a final volume of 10 ml of the same buffer. 
These cells were used to prepare crude extracts for induction and enzyme 
specificity experiments.
Batch cultures for preliminary purification attempts were grown in 
20 1 carboys of medium A containing 0.5% sucrose. The cultures were 
incubated in a 37°C water bath with vigorous aeration for 24 hr. The 
cells were collected by centrifugation at 40,000 RPM in a steam driven, 
cooled Sharpies Super-Centrifuge. The pellet was washed twice in pH
6.8 buffer (0.05 M potassium phosphate, 10“^ M EDTA, 10-® dithiothreitol) 
and then suspended in a minimal amount of this same buffer. Hereafter 
this buffer will be referred to as the standard phosphate buffer.
Cells used to obtain crude extracts for large scale purifications 
were grown by using continuous culture techniques on a New Brunswick 
Continuous Culture Apparatus, model CF500 (New Brunswick Instruments, 
Inc., New Brunswick, N.J.). The cells were grown in medium A (0.5% 
sucrose) at 37° C with vigorous aeration and stirring (300 RPM). Col­
lection was performed by centrifugation at 40,000 RPM in a steam driven, 
cooled Sharpies Super-Centrifuge (Sharpies, Warminster, Pa.). The 
pellet was washed as previously described and suspended in a minimal 
volume of standard phosphate buffer.
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IV. CRUDE EXTRACT PREPARATION
Cell free crude enzyme extracts of EL coli 11S were prepared by 
one of two techniques, depending on the volume of cell suspension 
available. Small quantities of cells were placed in a Rosett cell, 
cooled in a -10°C ethylene glycol bath, and treated with a model-W-185- 
C sonifier cell disruptor (Heat Systems Co., Melville, N.Y.) for 3 min 
at 150 watts and an output control setting of nine. The cell debris 
was removed by centrifugation at 25,000 x g for 30 min in a Servall 
RC-2B. The supernatant fluid was collected and used as a crude enzyme 
extract.
Larger volumes of cells were disrupted by two passages through a 
pre-cooled Manton-Gaulin Cell Homogenizer (Manton-Gaulin, Inc., Everett, 
Mass.) at 8,000 psi. The homogenized cells were centrifuged at 25,000 
x g for 30 min in a Servall RC-2B. The supernatant fluid was collected, 
assayed for activity, and used as a crude enzyme extract.
V. ASSAY METHODS
A. Invertase Assays
Two assays were commonly used in the course of this work to demon­
strate the presence of invertase. A qualitative assay for location of 
enzyme fractions eluted from columns and a quantitative assay for 
describing the specific activity of enzyme preparations were used. The 
quick, qualitative assay entailed the use of glucose TES-TAPE (Eli Lilly 
and Co.). The quantitative assay involved use of glucose oxidase 
(Glucostat). Both of these assay systems have been described in detail 
by Colvin (1969).
A whole cell assay was designed for use in induction experiments.
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Five ug/ml of cetyltrimethylammonium bromide (CTAB) was added to a cell 
suspension and incubated at 37°C for one hr. It was hoped that the sur­
factant CTAB would alter membrane permeability to allow ready movement 
of substrate and end products across the cell membrane. Aliquots of 
the treated cell suspension were assayed in the glucostat assay system 
described by Colvin (1969). After termination of the assay the samples 
were centrifuged to remove the cells and the absorbancy read in a Klett 
Summerson Colorimeter (Klett Manufacturing Co., Inc., New York) with 
filter No. 42. The mg glucose/ml released could be determined by com­
parison with a standard curve run in the same assay. A similar whole 
cell assay was designed by Ulitzer (1970).
In experiments designed to elucidate enzyme specificity and presence 
or absence of transferase activity, the Somogyi-Nelson assay for reducing 
sugars was utilized to demonstrate presence of invertase activity on 
substrates other than sucrose. The technique described by Somogyi (1952) 
was used to measure the amount of reducing sugars present in the assay 
mixture. Incubation of the enzyme in the presence of substrate was 
carried out as described for the glucostat invertase assay. After the 
reaction was stopped by boiling for one minute, 0.1 ml of the reaction 
mixture was added to 0.9 ml of water. One ml of tartrate reagent was 
added and this mixture heated in a boiling water bath for 15 min. The 
tops of the tubes were covered with glass marbles to prevent excessive 
fluid loss by evaporation. The material was then allowed to cool, 1 ml 
of Nelson's reagent added and the mixture allowed to incubate for 15 min. 
At the end of the incubation period, 3 ml of water were added and the 
absorption at 520 nm measured. The amount of reducing sugar in terms
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of ug glucose/ml could be determined by comparison with values for 
standard solutions (10, 50, 100 ug glucose) run concurrently with 
each assay. The necessary controls were included in each assay. Spe­
cific activities were not determined using this assay system. Relative 
comparisons of the activity of invertase on various substrates were 
expressed in terms of ug of reducing sugar/ml.
B. Protein Assays
A modification of the method of Lowry, et al. (1951), described 
in detail by Colvin (1969), was used for all quantitative assays of 
protein content. A rough calculation of protein content could be made 
by multiplying the optical density at 280 nm by a factor of 1.51. This 
factor was arrived at by comparing the results from Lowry assays and 
optical densities at 280 nm obtained from a number of protein samples. 
This crude determination allowed rapid estimates of the amount of pro­
tein in peaks being eluted from chromatography columns.
VI. BIOCHEMICAL STUDIES
A . Induction Experiments
In order to determine the inducibility of the invertase of E. coli 
11S, the organism was grown in the presence of a number of different 
carbon sources. Fifty ml of medium A containing 0.5% of a carbohydrate 
as a sole carbon source was inoculated with E. coli 11S and incubated 
for 24 hr at 37°C. At the end of the incubation period the cells were 
collected, sonicated and centrifuged in order to obtain a crude enzyme 
extract. The crude enzyme extract was assayed in the glucostat assay 
system for the presence of invertase.
If all of the crude extracts, regardless of carbon source, contained
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similar levels of invertase activity, the enzyme could be described as 
constitutive in nature. However, if only one or two substrates gave 
rise to the synthesis of invertase, the organism could be described as 
inducible with respect to invertase production in the presence of a 
specific substrate.
Carbohydrates utilized as potential inducers were as follows: 
glucose, fructose, cellobiose (/3-glucoside), maltose (eC-glucoside), 
sucrose (/3-fructoside), sucrose monopalmitate, raffinose (/3-fructoside), 
melizitose (substituted (2-fructoside), inulin (/9-f ructoside polymer), 
and glycerol (control).
B. Specificity Studies
Assays were performed on a crude extract obtained from cells grown 
on sucrose. In order to determine the degree of specificity of enzyme 
activity, various carbohydrates were used in the assay system as sub­
strates. All of the enzyme-substrate reaction mixtures were assayed in 
the glucostat and the Somogyi-Nelson reducing sugar assay systems.
C. Inhibition Studies
Ten ml aliquots of crude invertase containing 10 mg protein/ml 
were exposed to a variety of concentrations of several potentially 
inhibitory substances. The enzyme was incubated in the presence of 
the inhibitors at 37°C for 1 hr. At the end of the incubation period, 
1/2 of each sample was placed in dialysis tubing and dialyzed against 
four changes of standard phosphate buffer for 16 hr. The remaining 
sample was stored at 4°C for later analysis. By this means, the in­
hibitor treated invertase could be assayed in the presence and absence 
of the inhibitors. This would discount reactivation of the enzyme on
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removal of the inhibitors during dialysis.
VII. PURIFICATION METHODS
A. Manganous Chloride Precipitation
Precipitation of crude invertase extracts was carried out with 
MnCl2 as suggested by Heppel (1955) to remove the contaminating nucleic 
acids. The specific procedure followed by Smith and Yanofsky (1962) 
was utilized. The crude invertase extract was diluted to a protein con­
centration of 10 mg/ml. Two and one half ml of 1 M MnCl£ were added 
dropwise with stirring for every 100 ml of crude invertase extract. The 
crude invertase extract, with the added MnCl2 , was allowed to incubate 
for a period of 1 hr. The mixture was then centrifuged at 10,000 x g in 
a Servall RC-2B for 20 min. The pellet was collected, resuspended in a 
minimal volume of standard phosphate buffer, and dialyzed for 16 hr 
against 4 changes of the same buffer. The dialyzed material was then 
centrifuged at 10,000 x g for 20 min and the pellet, which contained 
precipitated nucleic acids, discarded. The supernatant fluid contained 
most of the invertase activity. All steps of this and other purification 
procedures were carried out at 4°C.
B. Ammonium Sulfate Fractionation
Partially purified invertase obtained from the MnCl2 precipitation 
was diluted to a protein concentration of 10 mg/ml. Solid ammonium 
sulfate was added slowly, with constant stirring, until the solution 
was 30% saturated (176 g/1.) and allowed to stand for 1 hr. The 30% 
ammonium sulfate insoluble pellet was discarded. Solid ammonium sulfate 
was then added to the 30% soluble material to increase the concentration 
to 60% of saturation (198 g/1). The material which was 60% saturated,
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with respect to ammonium sulfate, was allowed to stand for an hr and 
the precipitate (which contained the invertase) collected by centrifu­
gation at 10,000 x g for 30 min. The precipitate was resuspended in a 
minimal volume of standard phosphate buffer and dialyzed for 16 hr 
against four changes of this same buffer. The resulting enzyme prepa­
ration was used for further purification.
C. Reverse Ammonium Sulfate Fractionation
Solid ammonium sulfate was added to the partially purified enzyme 
preparation until 60% of saturation (390 g/1) was reached. The sus­
pension obtained was incubated for an hr, centrifuged at 10,000 x g 
for 30 min and the precipitate collected. The precipitate was resus­
pended in a minimal volume of the pH 6.8 phosphate buffer previously 
described which had been 45% saturated with respect to ammonium sulfate 
(277 g/1). This suspension was dialyzed for 4 hr against 4 liters of 
45% ammonium sulfate saturated standard phosphate buffer. The suspen­
sion was centrifuged at ^.0,000 x g for 30 min and the precipitate saved. 
The precipitate was resuspended in standard phosphate buffer which was 
30% saturated with respect to ammonium sulfate (176 g/1). This material 
was dialyzed for 4 hr against the 30% saturated standard phosphate buf­
fer, centrifuged at 10,000 x g for 30 min and the 30% to 45% soluble 
supernate was collected.
The 30%> to 45% of saturation ammonium sulfate preparation con­
tained the bulk of the invertase activity. This preparation was con­
centrated by taking the solution to 80% saturation (with respect to 
ammonium sulfate), incubating at 4°C for an hr, centrifuging at 10,000 
x g for 30 min, collecting the precipitate, resuspending the
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precipitate in a minimal volume of standard phosphate buffer and dia- 
lyzing this solution for 16 hr against four changes of standard phosphate 
buffer, The preparation obtained in this manner was utilized in further 
purification procedures,
D. DEAE-Cellulose Column Preparation
Two hundred grams of dry DEAE-cellulose powder was allowed to 
sink into 13 liters of distilled water in a large chromatography jar.
The suspension was vigorously stirred and then allowed to settle for 30 
min. The supernatant fluid, containing the fine particles, was removed 
using a siphon. This procedure was repeated three times to allow re­
moval of all fine particles.
The wet DEAE-cellulose was suspended in 13 liters of 0.5 N NaOH, 
stirred for 15 min, allowed to settle for 1 hr, and the supernatant 
fluid removed by use of a siphon. This procedure was repeated three 
times to allow complete removal of all alkali soluble contaminants.
The alkali treated DEAp-cellulose was washed in successive 13 liter 
volumes of distilled water until the pH, as measured using hydrion 
paper, returned to neutrality.
The slurry was then suspended in 2 liters of 95% ethanol, stirred 
for 15 min, allowed to settle for 1 hr, and the excess ethanol removed 
with a siphon. This procedure was repeated once. The slurry was then 
washed with four 13 liter volumes of distilled water to remove the re­
maining ethanol.
Ethanol washing was followed by suspension of the slurry in 13 
liters of 0.5 N HC1. The acid slurry was allowed to stir for 15 min, 
settle for 1 hr, and the supernatant fluid removed using a siphon.
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The slurry was acid washed four times tp allow maximum removal of acid 
soluble contaminants. The slurry was repeatedly washed with distilled 
water until the pH had returned to neutrality.
Finally the slurry was washed, alternately, in 13 liter volumes 
of 0.3 M KC1 and distilled water four times. The cleaned DEAE-eellulose 
was then stored in a minimal volume of 0,3 M KC1 for later use in packing 
DEAE-cellulose ion exchange columns.
To pack a DEAE-cellulose column, the washed DEAE-cellulose was de­
gassed using a vacuum pump and gently poured into the desired column 
(which contained a small volume of 0.3 M KC1) until the column was com­
pletely full. The DEAE-cellulose was allowed to pack by gravity. The 
excess 0.3 M KC1 was removed and the top of the column layered with 
standard phosphate buffer (pH 7.5) containing 0.1 M KC1. The column 
was equilibrated at 4°C by passing several column volumes of the pre­
viously described buffer through the column. The equilibration was 
carried out at a flow rate of 30 ml/hr until the conductivity of the 
eluate was at a minimum. The conductivity of the eluate was followed 
using a Barnstead purity Meter, Model PM-2 (Barnstead Still and 
Sterilizer Co., Boston, Mass.).
Two sizes of columns were used in this work. A 5 x 45 cm column 
was used for protein samples containing up to 5000 mg. A 2 x 30 cm 
column was used for protein samples containing up to 1000 mg.
E. DEAE-Cellulose Column Chromatography
The partially purified invertase obtained from reverse ammonium 
sulfate fractionation was dialyzed for 16 hr against four changes of 
0.05 M potassium phosphate, 10“'* M EDTA, 10“® M dithiothreitol,
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o.l M KC1, pH 7.5 buffer (starting buffer). The dialyzed enzyme 
preparation was placed on the top of the equilibrated column and al­
lowed to slowly run into the column. The column was then covered with 
the starting buffer and two column volumes of buffer were percolated 
through the column to elute all of the non-adsorbed proteins. The 
column, containing the adsorbed invertase, was eluted with a linear 
salt gradient composed of one column volume of starting buffer and one 
column volume of starting buffer containing 0.4 M KC1 (0.1 M to 0.4 M 
KC1). Twenty ml fractions were collected and spot checked for activity 
and protein content as previously described.
F. Sephadex Gel Filtration Techniques
Gel filtration on sephadex G-150 (fine) was used as a purification 
technique. Swelling of the gel was accomplished in the standard phos­
phate buffer (pH 6.8) as outlined in Pharmacia Fine Chemicals, Inc. 
Technical Data Sheet No. 11. The swelled G-150 was degassed and packed 
into a K25 Pharmacia column using the procedure described by Whitaker 
(1963). The column was examined for packing irregularities by perco­
lating a sample of Blue Dextran 2000 through the gel as suggested in 
Technical Data Sheet No. 8. The packed column was 2.5 x 90 cm in size.
Go Concentration Techniques
Enzyme preparations which required concentration were made 80% of 
saturation (561/1) by adding solid ammonium sulfate. The 80% saturated 
preparation was allowed to incubate for 1 hr, centrifuged at 10,000 x g 
for 30 min, and the precipitate collected. The precipitate was resus­
pended in a minimal volume of standard phosphate buffer (pH 6.8) and 
dialyzed for 16 hr against four buffer changes.
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Small quantities of enzyme were concentrated by the addition of 
dry G-15 sephadex. The sephadex had the ability to absorb 1.5 ml of 
water per gram of gel. After the gel had swelled, the suspension was 
centrifuged at 20,000 x g for 20 min and the concentrated supernatant 
fluid (containing the enzyme) was decanted.
VIII. PHYSICAL AND CHEMICAL METHODS
A . Polyacrylamide Disc Electrophoresis
Polyacrylamide disc electrophoresis was carried out as described 
by Davis (1964) and Ornstein (1964). The samples were placed in 40% 
sucrose rather than in a 3% acrylamide sample gel. Samples contained 
100-200 ug of protein. A Beckman-Spinco Constat Regulated Power Supply 
(Beckman Instruments, Inc., Palo Alto, Cal.) was used to supply the re­
quired 4 ma/gel. Bromphenol blue was standardly used as a tracking 
dye in order to allow determination of relative migration rates and 
distance of migration. Completed gels were stained for protein in 1% 
amido black 10B (in 7% acetic acid) for 10 min. The gels were destained 
by shaking overnight in 7% acetic acid on a reciprocating shaker.
Stained gels were stored in 7% acetic acid at room temperature.
The Metzenberg (1964) modification of the Eilers, et al. (1964) 
technique was used to stain polyacrylamide disc gels for the presence 
of enzyme activity. Protein gels were always run concurrently with 
activity gels to allow detection of the protein band responsible for 
the enzyme activity.
B. Isoelectric Fogusing
Isoelectric focusing of bacterial invertase was performed as de­
scribed by Svensson (1962) and Vesterberg and Berggen (1967). An LKB
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8101 Isoelectric Focusing Apparatus was used in all experimental runs.
A Beckman-Spirico Constat Regulated Power Supply was used to supply the 
necessary constant current. All runs were performed using manually 
prepared 0-60% glycerol density gradients containing 1% LKB pH 3.0-10.0 
or pH 5.0-8.0 ampholyte solutions. The samples, containing less than
20 mg of protein, were applied across the center of the column. Care
was taken to always keep the power at no more than 0.5 ma to prevent 
precipitation of protein apd convection currents caused by ohmic heating 
effects. The exact procedures used are described in the LKB 8100 
Ampholine Instruction Manual I-8100-E01 published by LKB-Produkter AB, 
Bromma, Sweden. At the end of every run 20 drop fractions were collected 
and analyzed as to pH, invertase activity, and optical density at 280 nm.
C. Density Gradient Centrifugation
Molecular weights of the E. coli 11S invertase were determined in 
glycerol density gradients according to the method of Martin and Ames 
(1961). Linear 4.6 ml gradients were prepared with a Buchler Gradient 
Maker (Buchler Instruments, Fort Lee, N.J.) from 8% and 33% glycerol
solutions (w/v) in standard phosphate buffer (pH 6.8). The enzyme
preparation and standards were layered on the gradients in a final 
volume of 0.2 ml. The gradients were centrifuged at 39,000 RPM for 
18 hr in a SW65K swinging bucket rotor in a Beckman L265B preparative 
ultracentrifuge. Hemoglobin (mol wt 67,000) and catalase (mol wt 251,000) 
were used as standards. After centrifugation, the bottoms of the cel­
lulose nitrate tubes (£ x 2 inch, Beckman Instruments) were punctured 
and 10 drop fractions collected using a Buchler drop-counting fraction 
collector. Hemoglobin and catalase fractions were located by reading
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the optical density at 405 nm. Invertase fractions were located using 
the glucostat assay and reading the optical density at 280 nm.
D. Analytical Ultracentrifugation
E. coli 11S invertase that appeared essentially pure on disc 
electrophoresis was used for sedimentation velocity runs in the Beckman 
Model E Analytical Ultracentrifuge. The prpcedure was carried out at
56,000 RPM in a double sector cell (2§°) using the Schlieren optical 
system. Timing of the run began at 2/3 maximum speed (37,500 RPM) and 
photographs were taken at 8 min intervals using Kodak metallographic 
plates. All photographic plates were measured with the aid of a Nikon 
profile projector, model 6C.
The protein was exhaustively dialyzed against standard phosphate 
buffer (pH 6.8) which contained 0.1 M NaCl, prior to analysis in the 
Model E. Protein samples containing 8 mg/ml and 4 mg/ml were used in 
the sedimentation velocity runs.
RESULTS AND DISCUSSION
1. CHARACTERIZATION OF ESCHERICHIA COLI U S
Escherichia coli 11S was originally isolated as a jnember of the 
microbial flora of a sewage oxidation pond. It was selected for par­
ticular scrutiny because it produced a green metallic sheen on lactose 
EMB agar and fermented sucrose with the production of acid and gas.
This is anomalous in that EL coli, which produces a metallic green 
sheen on lactose EMB agar, does not have the ability to utilize sucrose. 
The ease of growth and ready isolation of mutants from EL coli made this 
organism a potentially useful tool for enzymological and genetic exam­
ination of invertase.
A biochemical and morphological characterization of the organism 
isolated was carried out to obtain supportive evidence for the identi­
fication as an Escherichia coli. The organism was a gram negative, 
non-motile, non-sporeforming, short bacillus. Smooth, moist, dome 
shaped colonies were produced on agar surfaces. A variety of sugars 
were fermented with the production of acid and gas. Those reactions 
typically associated with EL coli were obtained in the IMViC series. 
These results, taken with the excellent growth and sheen obtained on 
EMB agar, would seem to support the classification of the isolate as 
an Escherichia coli. One detracting factor was the inability of the 
organism to support the reproduction of T4 bacteriophage. This could 
be explained, however, as being due to a mutation which resulted in 
the loss of the phage attachment site. Baylor, et al. (1957) isolated 
a mutant of EL coli B (E. coli B/2) which was resistant to infection 
by bacteriophage T2. Further studies might allow for selection of a
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host range mutant of phage T4 which would infect and lyse E, coli 11S.
II. GROWTH STUDIES
In order to insure maximum levels of synthesis and activity of 
Escherichia coli 11S invertase, basic studies of the growth and nature 
of invertase activity in the organism were performed. Information 
obtained, which was considered necessary for a better understanding of 
the nature of the organism and the enzyme, included the optimum sub­
strate concentration, pH optimum, pH range, change in medium pH during 
growth, and storage stability of the enzyme.
Growth was readily demonstrated in mineral salts solutions A con­
taining sucrose as the sole source of carbon. In order to determine 
the optimum concentration of substrate for synthesis of invertase, E. 
coli 11S was inoculated into several 50 ml quantities of medium A, each 
containing a different concentration of sucrose. From the results seen 
in figure I, it can be seen that maximum synthesis of invertase occurs 
when the medium contains 0.5% sucrose. At concentrations above 0.5% 
sucrose, the level of synthesis of invertase falls off rapidly. This 
is probably due, as suggested by Reese, Birzgalis and Mandels (1962), 
to catabolite repression. These authors demonstrated that high con­
centrations of sucrose in the growth medium resulted in a sudden, high 
level of invertase activity which caused conversion of large amounts 
of sucrose into glucose and fructose. The sudden build-up of glucose 
resulted in catabolite repression. It was demonstrated that maximal 
induction of invertase synthesis was produced in many yeast and fungi 
by growing the organisms on low concentrations of sucrose, minimizing 
the effects of catabolite repression.
Figure I. Effect of sucrose concentration on production of 
invertase by Escherichia coli 11S. Production of 
invertase is expressed as the change in specific 
activity in a crude extract.
V) 5
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Following determination of the optimum substrate concentration for 
synthesis of invertase, the cpurse of growth of Ê. coli 11S was followed 
by measuring the increase in optical density of a cell suspension with 
a Klett-Summerson colorimeter (filter 54). During the course pf cell 
growth, samples of the growth medium were removed and pH readings taken. 
The results of the experiment can be seen in figure II. After a lag of 
approximately 3 hr, the rate of growth was at a logrithmic rate for 5 to 
6 hr. During this period of time, the utilization of sucrose prodpced 
a drop in pH from 6.9 to 6.2. This increase in acidity as a result of 
growth was not so radical that it would produce a severe decrease in 
the activity of invertase. Unless invertase has a narrow pH range of 
activity, no effort to control the pH by addition of basic material 
would be necessary to maintain high levels of enzyme synthesis and 
activity.
E_. coli 11S invertase contained in a crude enzyme extract was 
placed in 0.05 M potassium phosphate buffers and 0.05 M trls buffers 
at a range of different pH values. The level of invertase activity was 
measured at each pH. The results which indicate the pH of optimum ac­
tivity and the pH range of the enzyme are shown in figure III. The 
optimum pH for demonstration of enzyme activity is pH 6,8. From the 
peak in figure III it can be seen that enzyme activity may be demon­
strated in a pH range of approximately 5.5 to 9.0. These results com­
pare favorably with the results of Negoro and Fukumoto (1953, 1954a, 
1954b). These authors purified a B. subtilis A2 invertase which had a 
pH optimum of 7.0 and a range of activity of 5.0 to 9.0. In contrast 
to this, fungal and yeast invertases generally have a pH optimum of
Figure II. Growth of Escherichia coli 11S and concomitant 







Figure III. Activity of Escherichia coli 11S invertase at 
different pH vplues. Experimental details are 
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5.0-5.5 and a pH range of 3.0-8.0 (Metzenberg, 1963b and Neumann and 
Lampen, 1967). In terms of pH optima and ranges, bacterial invertases 
would seem to differ radically from yeast and fungai invertases.
One final series of experiments were run whicb dealt with the 
production of the crude enzyme extract. It was desirable to know some­
thing about the stability of the enzyme in the crude extract. To de­
termine this, samples of the crude invertase extract from IS. coli 11S 
were stored at three different temperatures; -20°C, 4°C, and 25°C.
For more information, duplicate samples were placed at each temperature, 
with one of the samples at each temperature containing 10"'̂  M dithio- 
threitol. Assays were performed at 24-hr intervals for two wpeks. In 
all assays performed, the dithiothreitol offered no apparent stabilizing 
effects on the crude invertase. In the enzyme samples stored at -20° C 
and 4°C, no loss of activity was detected. The sample stored at 25°C 
lost all activity by the end of 24 hr incubation. Two possibilities 
existed; either the enzyme was unstable in cell free extracts when held 
at 25°C for long periods or the crude enzyme contained a proteinase of 
some type. The major conclusion obtained from this experiment was that 
the enzyme (in a crude extract) was extremely stable during storage at 
-20°C or 4°C. All further examinations of invertasp activity were car­
ried out on enzyme extracts stored at refrigeration temperatures. The 
enzyme samples were periodically centrifuged at 25,000 x g to rpmove 
any precipitate that was present.
m .  INDUCTION OF INVERTASE
Initial efforts at growing cultures of E. coli 11S that produced
invertsse'Nj^ndicated that the bacterial enzyme was intracellular and
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inducible in nature. Regardless of the stage of growth the enzyme 
could be obtained only by disruption of whole cells. During effprts 
to obtain crude enzyme extracts, marked variability in specific activity 
was obtained. Analysis of the batches of reagent gradp sucrose used as 
substrate material indicated the presence of varying concentrations of 
contaminating glucose, in some cases as high as 10%. When using those 
samples of sucrose containing the highest concentrations of contaminating 
glucose (10%), little or no invertase activity could be detepted. This 
seemed to indicate the presence of catabolite repression of an inducible 
enzyme. On switching to the use of Mann ultra pure enzyme reagent grade 
sucrose as the carbon source (0.01% glucose after autoclaving), the ap­
parent catabolite repression was no longer obtained. Crude enzyme ex­
tracts of good invertase specific activity could be consistantly 
produced.
It was necessary to determine which carbohydrates induced the pro­
duction of invertase and the levels of invertase produced in each case.
To this end, several induction experiments were performed as described 
in the materials and methods. The results of these experiments may be 
seen in table I.
The results from experiment 1 indicate that the synthesis of 
invertase is induced in significant quantities only in the presence of 
^5-fructofuranosides. Raffinose and sucrose were the best inducers 
with raffinose being slightly more effective. This was in keeping with 
the results of Metzenberg (1962) on Neurospora crassa invertase. One 
problem with the results of experiment 1 was that some of the compounds 
were such poor substrates (e.g. cellobiose) that pnly small quantities
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of cells were obtained. In ordep to circumvent this problem, follow 
up experiments were run on samples which were produced by cells growing 
in media supplemented with 0.1% glycerol. The glycerol was added in 
order to give equivalent levels of growth in the presence of all po­
tential inducing compounds tested. Proper controls were included.





Experiment 1 Experiment 2a Experiment 3aD
Raffinose 12.76 14.22 0.222
Sucrose 10.45 12.72 0.765
Inulin 7.54 4.43 0 . 0 0 0
Glucose 0.37 0.00 0 . 0 0 0
Fructose 0.81 0.16 0 . 0 0 0
Maltose 1.15 0.04 0 . 0 0 0
Cellobiose 1.92 0.00 0 . 0 0 0
Melizitose --- 0.00 0 . 0 0 0
Glycerol 0.00 0 . 0 0 0
a. 0.1% glycerol added to all cultures to produce equal levels of 
growth in presence of all inducers tested.
b. Whole-cell assay system utilized.
The results of experiment 2 (seen in table I) supported the evi­
dence obtained in the first run. Only yS-fructofuranosides induced 
invertase activity. Raffinose and sucrose were the most efficient 
inducers. Experiment 3 was run similarly, except for the use of a 
whole cell assay (as suggested by Ulitzer, 1970). The cells, grown 
in the presence of various carbohydrates were collected by pentri- 
fugation and exposed to the effects of CTAB as outlined in the materials 
and methods. These results also indicated that /2riructofuranosides 
were the only inducers of ipvertase activity. The results of the CTAB
45
whole-cell assay seen in table I indicated that the CTAB did not pro­
mote ready movement of substrate and end products across the cell 
membrane. This conclusion was arrived at as a result of equating the 
volume of crude extracts and whole-cell systems. After growth, the 
cells obtained for all three experiments in table I were washed with 
buffer and suspended in a final volume of 10 ml. For experiments 1 
and 2, crude extracts were prepared. For experiment 3, the cells 
were incubated in the presence of CTAB. The final result should have 
been the expression of equal amounts of activity, in the presence of 
a given inducer, in all three experiments.
Reese and his co-workers (1962, 1969a, 1969b) closely examined 
the mechanism of induction of invertase synthesis in a number of yeast 
and fungi. They demonstrated that a constant low level of sucrose gave 
rise to the maximum levels of induction of invertase activity. Their 
work with modified substrates indicated that, in many organisms, use 
of sucrose monopalmitate as an inducer-substrate resulted in tremendous 
increases in induction of invertase biosynthesis. The potential of 
sucrose monopalmitate as an inducer of E. coli 11S invertase can be 
seen in table II.
Although the addition of sucrose monopalmitate to the growth 
medium does not result in the level of protein synthesis produced by 
sucrose, an almost two-fold increase in units of invertase was detected. 
It must also be pointed out that a small concentration of sucrose was 
necessary (sample 6) for production of the increased levels of inver­
tase. The 0.1% sucrose instituted growth and synthesis of invertase 
at low levels until the cells could begin to produce the esterase
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necessary for release of the palmitate from the sucrose molecules. The 
esterase is apparently the rate limiting enzyme which results in a slow 
steady release of sucrose into the growth medium. The maximum level of 
invertase activity was found after 24 hr of growth. As could be ex­
pected, the major problem in using sucrose monopalmitate was its insolu­
bility in water due to its fatty acid content. Because of this insolu­
bility, SMP does not make a good substrate for use in continuous culture 
techniques. Use of this substrate would necessitate the design of a 
system which would introduce constant amounts of SMP into the continuous 
culture system. At present, the medium addition system available re­
quires that the substrate be in solution.












1 0.5% Sucrose 24 2.05 12.72 26.08
2 0.5% SMP 
0.1% Sucrose
24 1.50 32.62 48.93
3 0.5% SMP 
0.1% Sucrose
48 1.40 30.89 43.25
4 0.5% SMP 
0.1% Sucrose
72 1.48 28.48 42.15
5 0.5% SMP 
0.1% Sucrose
96 1.84 21.15 38.92
6 0.5% SMP 96 0.48 8.69 4.17
From the results of these experiments it could be seen that the 
invertase of coli 11S was inducible in the manner described by 
Monod and Cohn (1952). The fact that the enzyme was typically in­
ducible was demonstrated by the induction of invertase only in the
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presence of j3-f ructofuranosides. Yeast invertase also showed the 
"typical" induction defined by Monod and Cohn (Myrback, 1960).
Neurospora crassa, on the other hand, had unusual induction character 
(Gratzner and Sheehan, 1969). The inducer had to be added to the 
growth medium in order to get biosynthesis of invertase. However, 
Neurospora differed in that induction of synthesis did not occur until 
the substrate had been completely depleted. The inducer requirement 
was highly specific, but no enzyme was synthesized until all of the sub- 
strate-inducer had been utilized. The situation with Neurospora inver­
tase was also unusual in that a number of carbohydrates, which were not 
inducers of yeast or bacterial invertase, functioned as inducers of the 
fungal enzyme. Galactose and xylose in particular, were good inducers 
of fungal invertase. The reason for this unusual type of induction and 
for the ability of seemingly unrelated carbohydrates to show specific 
induction of enzyme synthesis was not understood.
IV. SPECIFICITY OF INVERTASE
The fact that E. coli 11S invertase production could be induced 
only in the presence of /8-fructofuranosides supported the contention 
that this enzyme was a /S-fructofuranoside fructohydrolase (E.C.
3.2.1.26). To confirm this conclusion, the specificity of action of 
the enzyme on a variety of carbohydrate substrates was determined.
The activity of invertase in a crude extract on several carbohydrates 
was determined as previously described in the Materials and Methods 
section. The results of these experiments can be seen in table III.
The results indicated that the yS-fructofuranoside sucrose was 
the only substrate utilized to any significant degree. Raffinose,
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the best inducer of invertase activity, is a poor substrate. This is 
in excellent agreement with the results reported by Metzenberg (1962). 
Raffinose has a ̂ J-fructoside linkage which makes it an inducer of in­
vertase. On hydrolysis, however, the raffinose degradation results 
in release of fructose and melibiose, neither of which is a good sub­
strate. The larger molecular size of raffinose produces a poorer fit 
to the active site of invertase resulting in less efficiency of hydrol­
ysis than demonstrated with sucrose. The sucrose-to-raffinose split 
ratio is approximately 5.0 (1.00/0.21) and this is in good agreement 
with the results reported by Metzenberg (1963a) for Neurospora 
invertase (4.55).






1 Sucrose 0.73 1.00
Maltose 0.07 0.05
Cellobiose 0.01 0.01
2 Sucrose 2.42 1.00
Raffinose 0.50 0.21
Inulin 0.28 0.12
The possibility also existed that the hydrolysis of sucrose was 
due to the action of a transferase (transglycosylase) or a phosphory- 
lase rather than to the activity of a specific /3-fructofuranosidase.
The presence of significant phosphorylase activity was negated by the 
incubation of the crude enzyme in the presence of a range of phosphate 
concentrations. The invertase activity in crude extracts was not 
altered in the presence of a variety of phosphate concentrations (H. D. 
Braymer, personal communication).
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The invertase present in crude enzyme extracts was examined for 
the presence of transferase or transglycosylase activity by means of 
a simple experiment. A crude extract was assayed for activity in two 
different assay systems, the glucostat system which measures the a- 
mount of glucose released and the Somogyi-Nelson reducing sugar assay 
which measures the amount of reducing sugar released (glucose and 
fructose). If no transferase activity is present then the amount of 
reducing sugar produced should be twice the amount of glucose released. 
However, if transferase activity was present, the amount of reducing 
sugar should not greatly exceed the concentration of glucose. The 
results of this experiment may be seen in table IV.
Table IV. Demonstration of the inability of invertase to express 





1 8.68 13.28 1.52
2 5.76 10.88 1.88
The amount of reducing sugar released was almost double the amount 
of glucose, which showed that little or no transferase activity was 
present. At least some of the departure from the expected ratio of two 
may be attributed to the fact that the assays were performed with crude 
extracts.
Evidence to support the presence of transferase activity was ob­
tained using thin layer chromatography. Purified invertase was exposed 
to 0.25 M sucrose for 6 hr at 37°C. At the end of this period samples
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of the mixture, along with glucose, fructose, and sucrose standards, 
were spotted on 20 x 20 cm TLC Plates Silica Gel F-254 Brinkman thin 
layer plates (Brinkman Instruments Inc., Westburg, N.Y.). The plates 
were subjected to ascending chromatography with a solvent composed of 
N-butanol: pyridine: water (3:2:1.5). The plates were then allowed to 
dry and sprayed with a reagent composed of 1.0 g p-anisidine HC1, 10 ml 
methanol, 90 ml N-butanol, and 0.1 g sodium bisulfite. The sprayed 
plates were heated for 15 min at 130°C and the spots that developed 
were scored. Glucose, fructose, sucrose, and a slow moving (with re­
spect to the standards) oligofructoside were detected. This indicated 
that after hydrolysis had occurred, transferase activity was expressed. 
The transferase activity of invertase resulted in the biosynthesis of 
an oligofructoside.
In summary, it can be seen from the results that E_. coli 11S 
invertase was not a glucosidase, galactosidase, or phosphorylase. 
Transferase activity was expressed after prolonged incubation (6 hr) 
of purified invertase in the presence of sucrose. The only substrate 
hydrolyzed efficiently was sucrose. Therefore, the IS. coli 11S inver­
tase was a specific £-fructofuranoside fructohydrolase (E.C. 3.2.1.26).
V. STABILIZATION AND INHIBITION
During the process of purifying E. coli 11S invertase, it was 
noticed that dilution of the partially purified enzyme resulted in 
significant decreases in specific activity. The decrease in specific 
activity may have resulted from a number of possible causes, all due 
to loss of protection of enzyme surface groups by the protein concen­
tration. The inactivation could be due to heavy metal inhibition,
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dissociation into subunits caused by unfavorable ionic conditions, 
reduction of disulphide linkages of exposure of the active site to 
blocking agents.
In order to make purification of the invertase the le^st difficult 
it seemed that stabilization procedures for the partially purified 
enzyme were needed. Because activity decreased in dilute protein solu­
tions, an experiment was performed to determine if the addition of non­
enzyme protein could be used to stabilize the enzyme. If so, this would 
suggest that over all protein concentration is a critical factor in 
possible dissociation of the enzyme into inactive subunits. (In order to 
determine the effect of added non-enzyme protein, partially purified 
enzyme was diluted in standard phosphate buffer (pH 6.8) containing 1% 
bovine serum albumin (BSA), The enzyme dilutions were then assayed 
using the glucostat assay. The results are shown in figure 4. As can 
be readily seen the 1% BSA offered significant protection of enzyme 
activity. At a dilution of 1/80 of the enzyme preparation, 99.3% of 
the activity was lost in the absence of the 1% BSA. This would seem 
to indicate one of two possibilities. First, a concentration dependent 
dissociation phenomenon occurs with decreasing protein concentration 
resulting in more dissociation. Second, the enzyme surface contains 
various highly labile reactive groups which are covered or protected 
while in the presence of high concentrations of proteins.
Earlier experiments had been performed with dithiothreitol to 
determine how stable the enzyme was in crude extracts. In crude ex­
tracts the enzyme seemed reasonably stable in the presence or absence 
of dithiothreitol. The inactivation of partially purified enzyme on 
dilution suggested that some necessary surface group or ion might be
Figure IV„ Effect of added bovine serum albumin on the stability
of invertase during dilution. 1% BSA ( % --© ) .  No
added BSA ( O — O  ) .
1/10
mg Glucose /ml_ ro cm -c.
•  • • •’o  o  o  o
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protected by concentrated protein. The complication of purification 
caused by adding BSA to increase stability might be overcome by the 
addition of other stabilizing reagents. Since surface group inacti­
vation might be responsible for the inactivation, mercaptoethanol and 
dithiothreitol (Cleland, 1964), both sulfhydryl protectors and chelating 
agents might protect the enzyme upon dilution. Dilutions of partially 
purified invertase were exposed to a variety of concentrations of mer­
captoethanol and dithiothreitol. The results of this experiment can 
be seen in figure V. As can be seen both compounds, particularly 
dithiothreitol, prevented the loss of activity upon dilution. Mercapto­
ethanol, the least efficient of the two reagents, stabilized the enzyme 
to such a degree that, at 10~4 m  mercaptoethanol, the enzyme demonstrated 
10 times as much activity as was found in the same dilution without 
mercaptoethanol. Dithiothreitol (DTT) was most effective at 10"^ M.
At higher concentrations of both compounds, reducing conditions existed 
which resulted in inactivation of the enzyme.
The protection offered by dithiothreitol suggested that the in­
activation with dilution might be a result of oxidation of disulfide 
bridges to a higher oxidation state or the oxidation of free sulfhydryl 
groups on the enzyme surface. E. coli U S  invertase could be a sulf­
hydryl enzyme, containing the -SH groups in the active site. However, 
the fact that DTT and mercaptoethanol were chelating agents had to be 
considered. To check this possibility, disodium(ethylenedinitrilo)tet- 
raacetic acid (EDTA) was used as a chelating agent in the dilution 
buffer. In an initial experiment, a number of EDTA concentrations were 
added to multiple samples of a dilution of partially purified invertase.
Figure V. The effect of various concentrations of mercaptoethanol
and dithiothreitol on the stability of invertase activity 
during dilution. Dithiothreitol ( © — O ) .  







Under these conditions 10“ ,̂ 10-3, 10-4, and 10~5 M EDTA stabilized the 
invertase activity to the same degree shown by DTT.
To obtain a good comparison of the various methods of stabilizing 
invertase to the effects of dilution, a number of the reagents were 
examined concurrently in given dilutions of partially purified inver­
tase. Reagents used in this experiment were 1% BSA, 10”^ M EDTA,
10“5 M DTT, and 1% ficoll. These reagents were added to the dilution 
buffer prior to dilution of the enzyme. Ficoll, a polymeric form of 
fructose (400,000 mol wt), was added to determine if a substrate type 
of protection could be obtained. At the same time, a series of dilu­
tions in buffer were made and 1% BSA added 30 min after dilution in 
order to determine if the BSA could reverse the inactivation that re­
sulted from the dilution. The results of this experiment are in figure 
VI.
BSA, EDTA, and DTT all stabilize the diluted enzyme to the same 
degree. The BSA added at 30 min partially reversed the inactivation 
caused by dilution. The fact that EDTA alone prevented a significant 
amount of the inactivation which resulted from dilution indicated that 
in dilute solutions the enzyme was inhibited by some ion. The presence 
of a heavy metal in thp distilled water used to make the buffer might 
account for the inactivation on dilution. When thp enzyme is diluted, 
the concentration of contaminating heavy metals increases with respect 
to protein concentration. A H  further purification and characteriza­
tion procedures were performed in a buffer containing 10”3 m  EDTA and 
10-5 M DTT. This afforded maximum protection for the enzyme.
One interesting sidelight of this last experiment was the marked
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inactivation of E. coli 11S by ficoll (91.7% in a 1/160 dilution),
This indicated that product inhibition of enzyme activity probably oc­
curred. This was checked and the results were recorded in table V. 
Fructose inhibition did occur.











In the process of purifying E. coli 11S invertase attempts were 
made to purify the enzyme using a heat denaturation step. Due to the 
extreme heat lability of the invertase the procedure was not applicable.
At one point (50°C for 15 min), only 6% of the total protein was de­
natured, yet 93.5% of the invertase activity was lost. Possible stabil­
izing effects of substrate and the end product, fructose, on the heat 
lability were analyzed. Samples of crude extract were exposed to dif­
ferent temperatures for 15 min intervals. Three parallel experiments 
were made; one with 1% sucrose, one with 1% fructose, and one containing 
only protein. From the results of this experiment, seen in figure VII., 
it was established that both sucrose and fructose protected the inver­
tase from heat inactivation to some extent, with sucrose being the most 
efficient. This protective effect was not sufficient to make the hept 
denaturation procedure useful as a purification step. The final result 
at 50°C was the same in the presence or absence of the protective materials.
Figure VII. Effects of sucrose and fructose on invertase activity
during exposure of the enzyme to the effects of freat.
1% sucrose ( O — O  ) . 1% fructose ( A — ) .
Protein only ( ® — &  ) .
— j—     | i— — y
% 5  SoT^ £>5 
Temperature
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In order to better characterize the enzyme, it was desirable to 
determine the effect of various commonly used inhibitors on E_. coli 11S 
invertase. The protection of activity demonstrated by DTT and mercap- 
toethanol suggested that invertase might be a sulfhydryl enzyme. Many 
of the commonly used inhibitors are specific fpr their reaction with 
sulfhydryl groups. Iodoacetic acid, iodoacetamide, N-ethylmaleimide 
(NEM), and p-chloromercuribenzoate (p-CMB) are reagents of this type. 
The compounds were tested for their ability to inhibit the activity of 
invertase using the procedure described in the section on Materials 
and Methods. The results of the inhibition experiments are shown in 
table VI.






Iodoacetic Acid lO"2 21.17
II 10~3 22.30
I I 10“4 21.86
Iodoacetamide 10-2 23.44
I t 10~3 24.09
M 10“4 22.59
p-CMB lo-4 23.32
I t 10-5 22.62
t t 10“6 24.81
NEM 10-3 22.62
t f 10“4 23.54
t f 10~5 24.14
Dialysis Control — 24.29
Little, if any, inhibitory effect on the activity of invertase 
was evident with any of the sulfhydryl reagents used in this
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experiment. Variation between the specific activities of the control 
and those of samples exposed to inhibition was too small to be qon- 
sidered significant. The results were obtained in parallel experi­
ments. In one system the inhibitors were removed by dialysis before 
assay, while the other system was assayed witb the inhibitors present. 
The only conclusion that can be drawn from the experiment is that a 
sulfhydryl group is not necessary for invertase activity.
The results of inhibition studies on E. coli 11S invertase were 
in sharp contrast to those obtained with yeast and fungal invertases. 
Metzenberg (1963b) demonstrated a 90% inhibition of Neurospora inver-
 1 ■ ■ I ......
tase by 10“^ M p-CMB in 20 min. The degree of inhibition by p-CMB 
was shown to be dependent on p-CMB concentration and time of exposure 
to the reagent. He also demonstrated that this inhibition could be 
prevented by the simultaneous addition of sucrose to the reaction 
mixture. Neumann and Lampen (1967) found that p-CMB inhibited the
activity of yeast invertase at high concentrations. They obtained 0,
34, and 00% inhibition at 10“®, 10“ ,̂ and 10”® M (respectively) con­
centrations of p-CMB. No inhibition was obtained with iodoacetic acid, 
iodoacetamide, or NEM.
VI. PURIFICATION OF ESCHERICHIA COLI U S  INVERTASE
A purification scheme for the invertase was devised by attempting 
combinations of many standard purification procedures. Those procedures 
which produced effective purification of the enzyme have beep described 
in detail in the Materials and Methods section. The sequence pf treat­
ments and typical results are shown in table VII.
Several purification steps were tried which were not effective.
Table VII. Purification of Escherichia coli 11S invertase.
Protein Specific Units of Per Cent Fold
Treatment (mg) Activity Activity Recovery Purification
Crude 4,619.3 26.91 124,304 --- 1.00
MnCl2 833.3 80.27 70, 903 57.0 2.98
(n h4)2sg4 348.5 161.01 56,112 45.0 6.00
Reverse (NH4>2S04 184.8 180.00 25,018 20.1 6.90
DEAE-Cellulose 18.0 759.87 12;128 9.8 29.00
Sephadex G-150 10.0 1400.00 8,100 6.5 58.00
6?
In particular, ethanol precipitation, acetone precipitation, heat 
fractionation, and calcium phosphate gel chromatography were tried.
Each of the procedures gave a 4 to 5-fold purification, but recovery was 
well below 30% of the initial activity. These steps are mentioned in 
that they emphasize the lability of the enzyme to harsh physical and 
chemical treatment.
A. Manganous Chloride Precipitation
Manganous chloride has been used in a number of cases for removal 
of nucleic acids from crude enzyme extracts (Heppel, 1955). Ensuing 
purification procedures generally give more discrete resolutiop of the 
desired proteins in the absence of nucleic acids. The nucleic acids 
are precipitated out of solution while the protein remains soluble.
In the case of E. coli 11S invertase, the active protein co­
precipitates with the nucleic acid. This unusual behavior would seem 
to indicate that invertase is a very acidic protein. Fortunately, the 
invertase protein is readily returned to solution by suspending the 
precipitate in standard phosphate buffer (pH 6.3) and dialyzing for 
16 hr. The nucleic acid remained insoluble and was removed by centri­
fugation. Recovery of activity generally approached 90%.
B. Ammonium Sulfate Fractionation
Fractionation of enzyme extrapts by the addition of increments of 
solid ammonium sulfate (salting out) has been described in cjptail by 
Dixon and Webb (1962). Resolution of invertase was obtained using 
solid ammonium sulfate. The enzyme was precipitated out of solution 
in an ammonium sulfate cut that ran from 30-60% of saturation. Ninety 
to ninety-five per cent of the active protein was recovered with a
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resulting two fold purification.
A reverse ammonium sulfate, back fractionation from 80% satura­
tion, was also performed on the enzyme extract on the 30-60% cut 
obtained from the first salting out procedure. In this procedure the 
enzyme activity was contained in the 30-45% of saturation cut. A 1.5 
fold purification and 80% recovery of active protein were obtained.
C. DEAE-Cellulose Ion Exchange Chromatography
Ion exchange chromatography was performed on the partially puri­
fied invertase extracts. A DEAE-cellulose column, charged with 
phosphate ions (pH 7.5) was used for the fractionation. At pH 7.5 
the invertase was strongly bound to the cellulose and could be re­
moved only by the increasing ionic strength produced by a 0.1-0.4 M 
KC1 gradient. In the typical elution, a peak of invertase activity 
was obtained which contained 60-70% of the enzyme activity, but only 
20-25% of the total protein placed on the column. Generally a 4.0 
to 4.4-fold purification was obtained. A typical elution pattern 
may be seen in figure VIII. Four major protein peaks were detected, 
three of them were eluted by the salt gradient. The protein peaks 
were designated as peaks I, II, III, and IV in the order in which 
they were eluted frop the column. Using the test tape assay, pealcs 
II, III, and IV were found to contain activity. On analysis of the 
peak fraction from II, III, and IV, using the giucostat qssay, the 
activity was found to be located in peak III. The results of the 
assays can be seen in table VIII. The results clearly indicated 
that the bulk of activity was associated with peak III. Activity 
found in peaks II and IV probably represented that activity
Figure VIII. Pattern of elution of invertase from a DEAEJ- 
cellulose column. Column volume was 500 ml.
The gradient was composed of 500 ml of starting 


























associated with the leading and trailing edges of the activity peak.
In the first efforts to develop a purification procedure, DEAE- 
cellulose chromatography was used not only to give purification, but 
also to aid in removing nucleic acids. The nucleic acid content qf 
crude enzyme extracts was found to be strongly bound to DEAE-cellulose 
(pH 7.5), even in the presence of the salt gradient. In all DEAE- 
cellulose and MnCl2 treated samples tested, the 280/260 nm ratio was 
approximately 1.8-2.0. This indicated that very little contaminating 
nucleic acid remained in the enzyme preparation after DEAE-cellulose 
chromatography.
D. Sephadex G-150 Gel Filtration
Sephadex G-150 was used to resolve invertase from contaminating 
proteins on the basis of molecular weight and shape. The elution pat­
tern obtained is shown in figure IX. Three peaks of protein were 
eluted. Peak III contained the invertase. In the filtration run 
shown in figure IX, those fractions collected (129-141) contained 
10% of the total protein and 40% of the enzyme activity originally 
placed on the gel column.
The purified invertase obtained from the total purification
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procedure has been purified 50-fold and has a specific activity of 
about 1200. Polyacrylamide disc electrophoresis of the material ob­
tained from peak III on G-150 gel filtration showed the presence of 
four bands of protein staining material. Two of the bands, which 
stained intensely with amido black 10B, possessed invertase activity. 
The two remaining bands, which stained only faintly with amido black 
10B, were minor contaminants. One inactive band showed a greater 
molecular sieving effect (less migration) and the other inactive 
band migrated to a greater extent than did the two bands with enzy­
matic activity. The disc gels are shown in figure X.
Comparison of activity from peak III anc} the trailing edge of 
peak III on disc gel analysis demonstrated an interesting phenomenon. 
Peak III demonstrated the presence of two bands of about equal activ­
ity. The trailing edge of peak III also demonstrated two bands with 
invertase activity. In the latter case, however, almost pll of the 
enzyme activity was found associated with the more mobile band of 
activity. The results of the activity on disc gels, taking into con-r
sideration the enzyme source (peak or trailing edge), would seem to
demonstrate that a dissociation of the enzyme into active subunits 
occurred. This would be in excellent agreement with the results of
Eilers, et al. (1964) and Metzenberg (1964) on Neurospora crassa
invertase.
VII. PHYSICAL AND CHEMICAL PROPERTIES
The isoelectric point of invertase in a partially purified 
preparation (specific activity = 450) was determined using the iso­
electric focusing technique and apparatus described by Svensson (1962).
Figure X. Polyacrylamide disc electrophoresis gels stained 
for the presence of protein and activity bands.
A. Peak III protein stain. B. Peak III activity 
stain. C. Peak III trailing edge protein stain.




Using a pH 5-8 ampholyte solution an isoelectric point (pi) of 5.69 
was obtained (figure XI). This is in contrast to the pis (3.0-4.5) 
obtained for yeast invertase (Vesterberg and Berggen, 1967) and a 
pi of 4.78 for Neurospora invertase (Meachum, Colvin, and Braymer, 
1971). The higher pi of E. coli 11S invertase was expected because 
of the higher pH optimum and activity range possessed by the bac­
terial enzyme. The results were in good agreement with those of 
Negoro (1957c) who demonstrated a pi of 6.0 and a pH optimum of 7.0 
for B. subtilis A2 invertase.
Molecular weights of E, coli 11S invertase have been determined 
using crude, partially purified, and purified invertase. The tech­
nique of Martin and Ames (1961) was used as described in the Materials 
and Methods section. Using catalase (mol wt 251,000) and hemoglobin 
(mol wt 67,000) as standards, the density gradient pattern shown in 
figure XII was obtained on a sample of partially purified invertase. 
Using the number of drops from the meniscus to the top of each peak 
as a measure of the distance migrated by the protein, the molecular 
weight of E_. coli 11S invertase was found to be 192,000 ± 10,000.
This was in sharp contrast to the molecular weight obtained when a 
crude extract was analyzed in the same system. In the crude extract 
a molecular weight of 110,000 was obtained for invertase. After the 
first step in the purification, the molecular weight was always
192,000. This would seem to indicate an aggregation phenomenon pro­
duced by increasing the concentration of invertase within a given 
sample of purified enzyme. No more is known about this phenomenon 
other than the fact that an increase in the concentration of
Figure XI. Isoelectric focusing pattern obtained with partially 
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Figure XII. Sedimentation patterns obtained in a 8-33% glycerol 
density gradient. Purified invertase ( ®— #  ).
Crude invertase (----). OD405 ( O — O  )• The
catalase peak was found in fraction 11 and the hemo­
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invertase in a partially purified extract results in aggregation. In 
terms of comparison with other invertase, the following molecular 
weights have been reported: external yeast invertase, 370,000 ± 11,000
(Neumann and Lampen, 1967); internal yeast invertase, 130-140,000 
(Gascon and Lampen, 1968); Neurospora crassa invertase, 210,0Q0 ± 
.15,600 (Meachum, Colvin and Braymer, 1971).
Sedimentation velocity analysis of the purified invertase was 
done on the Model E analytical ultracentrifuge. Marked heterogeneity 
was detected in the material which had been through the purification 
scheme. Three peaks of protein were detected, as seen in figure XIII. 
Using the method of Schachman (1957), S values for the three peaks 
were calculated and the values are collected in table IX.









I 2.6 4.0 56,570
II 5.7 6.1 107,950
III 9.3 9.2 195,500
The heterogeneity observed might be due to dissociation. How-
ever, this seems unlikely due to the presence of a high protein 
concentration in the sample (4 mg/ml). This should be sufficient 
protein to prevent excessive dissociation. The presence of con­
taminating protein seemed likely.
To double check the presence of the three peaks, enzyme samples
Figure XIII. Sedimentation velocity analysis of the purified 
invertase preparation. Sedimentation proceeded 
from left to right in the photograph shown.
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were placed in 8-33% glycerol density gradients. Catalasp (11.3 S) 
and hemoglobin (4.3 S) were added to other tubes to allow th^ calcu­
lation of molecular weights, and Svedberg constants as described by 
Martin and Ames (1961). This allowed the determination of the number 
of different proteins in the enzyme extract, molecular weights, and 
sedimentation constants. Figure XIV contains the glycerol density 
gradient sedimentation pattern obtained during this run. Molecular 
weights and observed S values for the three protein peaks are re­
corded in table IX.
Peak III, which contained the invertase activity, gave similar 
sedimentation values in both systems (Model E apd glycepol density 
gradients) and had a molecular weight that fell into the range pre­
viously calculated. The material in peak II gave similar S values 
in both systems and had a molecular weight of 108,000. The differences 
between the two S values obtained for peak II were readily explained 
in terms of experimental error. S values obtained in density gradients 
may vary as much as 10% (Martin and Ames, 1961). Peak I S values did 
not agree well. Typically, it might be expected that some difference 
would occur. Since the protein in the density gradient was fairly 
dilute, it might be expected that dissociation would occur giving a 
lower S value in the density gradient. In the case shown, however, 
the lower S value was obtained in the more concentrated solution, Jto 
other difference in S value should have been detected. The cause for 
the variation that occurred is not understood.
Perusal of the molecular weights of the three proteins in the 
enzyme extract leads to an interesting conclusion. Peak II had a
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molecular weight which was approximately \ that of peek III. Peak I 
had a molecular weight which was approximately h that of peak II and 
£ that of peak III. This suggested the presence qf a dissociation of 
the oligomer (III) into protomers (II) and monomers (I). At present, 
no concrete evidence is available to support this conjecture. If 
proof were obtained to support this idea, then the purify of the final 
enzyme extract would not be in question. Considering the area under 
the protein peaks in figure XIV, it was estimated that the enzyme 
preparation was at least 50% pure. Using the protein and activity 
values obtained in figure XIV, a rough calculation of specific activity 
indicated that the material in peak III had a specific activity of 1390. 
This material was considered to be completely pure.
Excellent support for the contention that the three peaks represent 
an oligomer-protomer-monomer relationship was obtained in the glycerol 
density gradient centrifugation of the crude extract (figure XII).
The invertase molecule in the crude extract had a molecular weight of
110,000. The purified enzyme had a molecular weight of 192,000. This 
would seem to indicate that the invertase molecule in the in vivo state, 
exists as an oligomer of 110,000 mol wt units. On purification of the 
enzyme (concentration), an aggregation of the 110,000 oligomers into 
a 192,000 aggregate occurs. The reason for this aggregation is not 
understood.
It is interesting to note that activity was detected in peaks I 
and III on glycerol density gradients (figure XIV). The association 
of activity with 195,000 and 56,000 mol wt protein units was in agree­
ment with results obtained earlier with Neurospora ipvertase
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(Metzenberg, 1964 and Eilers, et al., 1964). If peaks I and III are
considered to be E. coli 11S invertase, then the enzyme preparation 
must be considered to be at least 70% pure. The activity in two peaks 
also agreed with the presence of two activity bands on disc gels 
(figure X). The lack of activity in association with the 108,000 mol
wt peak (II) on the glycerol density gradient (figure XII) is not
understood. Possibly the dissociation of the 195,000 aggregate into
the 110,000 oligomer results in a change in the conformation of the 
oligomer such that it is unable to express enzyme activity. The de­
termination of the reason for this variation will have to wait fpp 
more careful examination of the physical and chemical nature Of the 
invertase molecule.
Lineweaver-purke double reciprocal plots (Williams and Williams,
1967) of the rate of enzyme hydrolysis of sucrose were performed on 
the most pure enzyme preparation. Results of this kfnetic analysis 
are shown in figure XV. Ê. coli 11S invertase has a Km of 2.02 x 
10-2 M and a Vmax of 526.3 ug glucose/0.5 ml/15 min (0.003 M/0.5 ml/
15 min). The least mean square line method was used to determine the 
location and slope of the line.
The Km of E. coli 11S invertase is close to the Kjn value of the 
Saccharomyces cerevisiae invertases (Gascon, Neumann, and Lampen,
1968). Internal and external yeast invertases have a Km of 2.5 x 
—210 * M using sucrose as the substrate. The Km of the Neurpspora
-3invertase is somewhat smaller, 6.6 x 10 M (Metzenberg, 1963a), in­
dicating a stronger affinity of the fungal enzyme for sucrose.
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SUMMARY
The research reported in this dissertation is concerned with the 
purification and characterization of a sucrose-hydrolyzing enzyme 
detected in a sewage pond isolate, Escherichia coli 11S. This strain 
of E. coli was found to produce an intracellular, inducible /6 -fructo- 
furanoside fructohydrolase (E.C. 3.2.1.26). Experiments were per­
formed which eliminated the possibility that the sucrose hydrolyzing 
activity was due to glucosidases, galactosidases, or phosphorylases. 
Low levels of transglycosylase activity were detected in a pure enzyme 
preparation on prolonged incubation of the enzyme with sucrose.
During the process of characterizing the enzyme and its biosyn­
thesis it was determined that E. coli 11S invertasp had a pH optimum 
of 6 .8, a pH range of 5.5 to 9.0, and isoelectric point (pi) of 5.69. 
The results were similar to those obtained by Negoro and Fukumoto 
(1953, 1954a, 1954b) with an intracellular invertase of Bacillus 
subtilis A2. Fungal invertases, on the other hand (Metzenberg, 1964; 
Gascon, Neumann, and Lampen, 1968; Meachum, Colvin, and Braymer,
1971), expressed their activities in a more acidic envirpnmpnt.
Purification of the enzyme was complicated by its tendency to 
inactivate on dilution. Addition of non-enzyme protein (BSA), 
mercaptoethanol, dithiothreitol, and EDTA helpep to stabilize the 
enzyme against the effects of dilution. Baped on the evidence ob­
tained, the conclusion was made that thp effect of dilutiop was p 
result of two interacting phenomena; inhibition by heavy metals and 
dissociation into subunits on dilution. Initial suspicions of a
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sulfhydryl nature for invertase were unfounded. Invertase activity 
was not inhibited by NEM, p-CMB, iodoacetamide, ov iodoacetic ac|d.
Invertase was purified by a combination of separatory techniques 
composed of the following: manganous chloride precipitation, am­
monium sulfate fractionation, reverse ammonium sulfate frgctiopation, 
DEAE-cellulose ion exchange chromatography, and sephadex G-150 gel 
filtration. An approximately 50-fold purification was obtained 
(specific activity 1200).
The molecular weight of purified E. coli 11S invertase was 
found to be 192,000 ± 10,000. In marked contrast, the molecular 
weight of the enzyme in a crude preparation was found to be 110,0 0 0 . 
This suggested the possibility that the in vivo epzyme hgs a molecular 
weight of 110,000, but that on purification an aggregation of the 
in vivo enzyme to a species with mol wt 195,000 occurs. The func­
tional reason for this aggregation is not known. Examination of 
the purified enzyme by glycerol density gradient centrifugation and 
analytical ultracentrifugation indicated that the final preparation 
contained three protein peaks. Two of these peaks were found to con­
tain activity (I and III). The molecular weights of peaks I 
(56,000), II (108,000), and III (195,000) suggested an association- 
dissociation phenomena. Figure XIV indicated that activity wgs to 
be found associated with peaks I and III (56,000 and 195,000), but 
not with peak II (108,000). On the other hand, the results in figure 
XII indicated that activity was to be found with proteins having 
molecular weights of 195,000 (III, pqrified) and 110,000 (II, crude). 
This would seem to indicate that after the associatiop of the
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oligomeric in vivo enzyme to the 105,000 aggregate, any dissociation 
into the oligomeric form (110,000) results in an alteration in con­
formation of the oligomer or of the active site of the oligomer.
The inactive oligomer might then dissociate into a weakly active 
protomer (56,000). The possibility also exists that the in vivo en- 
zyme is only weakly active and the aggregation produces the highly 
active form.
Kinetic analysis of invertase using Lineweaver-Burke double 
reciprocal plots demonstrated a Km of 2.02 x 10"^ M and a Vmax of 
526.3 ug glucose/0.5 ml/15 min (0.003 mM glucose/0.5 ml/15 min). 
These figures were comparable to those obtained by Gascon, Neumann 
and Lampen (1968) for yeast invertases. Metzepberg (1964) obtained 
smaller values for Neurospora invertase.
Although the enzyme has been purified and characterized to spme 
degree, much work remains to be done with E_. coli 11S invertase. Of 
particular interest are the dissociation-association phenomena, 
heavy metal inhibition, enzyme structure (primary, secondary, terti­
ary, and quaternary), and more complete kinetic analyses.
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